The flavoprotein l-amino-acid oxidase (LAAO) which catalyses the transformation of l-amino acids to the corresponding a-keto acids with the concomitant release of hydrogen peroxide and ammonia is a constituent of snake venom (Scheme 1). The enzyme is found in most venomous snakes and contributes to the toxicity of the venom [1] . The toxicity is in part due to impairment of platelet aggregation, which enhances the observed injuries in snake bite victims [2, 3] . As first shown in 1969 for LAAO from Crotalus adamanteus the majority of the protein components of snake venom are glycosylated [4] . In this context it is interesting to note that while ophidian LAAO was reported to exhibit an antibacterial activity this was not observed with the closely related flavoenzyme d-amino-acid oxidase [5, 6] in spite of the latter forming identical products, i.e. an a-keto acid, hydrogen peroxide and ammonia. In contrast to the ophidian LAAO, however, d-amino-acid oxidase is not glycosylated. This suggests that glycosylation is a feature required for this antibacterial effect. More recently it was reported that LAAO (apoxin I) from Crotalus atrox (Western diamondback rattlesnake) possesses apoptosis-inducing activity in vitro and in vivo [7±10] . Based on fluorescence labelling studies it was suggested that LAAO docks to the cell surface leading to the generation of high local concentrations of hydrogen peroxide [7, 8] . This in turn may lead to oxidative damage of the cell precipitating an apoptotic response. It is also interesting to note that the LAAO-induced apoptosis has been reported to be distinct from that caused by exogenous hydrogen peroxide suggesting that the mode of delivery of hydrogen peroxide is an important factor [7, 8] . The role of the glycosyl substituent(s) for these interesting biological activities remains to be elucidated.
While the reaction mechanism and the unusual freezeand pH-induced reversible inactivation of this enzyme have been studied (reviewed in [11] ), the role(s) and the chemical structure of the glycan including its mode of attachment to the protein has received little attention. A first attempt to quantitate the sugar composition was undertaken by deKok and Rawitch [12] with C. adamanteus LAAO who established the presence of fucose, mannose, galactose (N-acetyl)glucosamine and sialic acid as constituents of the oligosaccharide moiety. It was also shown that glycosylation contributes to the microheterogeneity reported for LAAO [4] . In order to pave the way for a detailed analysis of its involvement and significance in the mentioned biological effects we have recently cloned the cDNA of LAAO from Calloselasma rhodostoma, the Malayan pit viper, deduced the amino-acid sequence (Genbank accession number: AJ271725), and determined the X-ray structure of the native protein [13] . This enzyme exhibits two putative N-glycosylation consensus motifs, one, at Asn361, is conserved in LAAOs from C. adamanteus and C. atrox (the two other ophidian LAAOs for which the amino-acid sequence is known). The other possible N-glycosylation site at Asn172 is unique to C. rhodostoma LAAO [14] . The three-dimensional structure of C. rhodostoma LAAO shows that both sites are glycosylated in the native protein [13] with the site at Asn172 carrying a fucosylated N-acetylglucosamine. Owing to the high flexibility of the glycan moiety, X-ray structural analysis revealed only the structure of the proximal residues of the glycan moiety. In view of the relevance of the oligosaccharide moiety of LAAO, we have analyzed the glycosylation of LAAO, isolated the glycan moiety and elucidated the entire oligosaccharide structure by 2D NMR spectroscopy and mass spectrometry.
E X P E R I M E N T A L P R O C E D U R E S

General chemicals
2,4-Dihydroxybenzoic acid (DHB), 2 H ,4 H ,6 H -trihydroxyacetophenone (THAP), periodic acid and sodium metabisulfite were from Fluka, Buchs, Switzerland. Schiff's reagent was from Sigma, Poole, Dorset, UK. All other chemicals were of the best available grade.
Enzymes l-Amino-acid oxidase was obtained from the venom of the Malayan pit viper (Calloselasma rhodostoma) as described [14] . LAAO-containing side fractions from purification of Ancrod were generously supplied by M. Kurfu Èrst, Knoll AG, Ludwigshafen, Germany. This LAAO preparation had an A 272 /A 460 ratio of 9 : 1 and did not show contaminating proteins on SDS/PAGE, so is therefore assumed to be . 98% pure. All operations were carried out in 100 mm Tris/phosphate buffer, pH 8.0. Endo H f , peptide:N-glycosidase F (PNGase F) and N-acetylneuraminyl hydrolase (sialidase) were from New England Biolabs. O-Glycosidase was from Boehringer Mannheim, Germany.
General methods
Polyacrylamide gel electrophoresis (10% SDS) was performed according to Laemmli [15] . Detection of protein glycosylation was performed with Schiff's reagent as described previously [16] .
Fluorophore-assisted carbohydrate electrophoresis (FACE)
Chemical labelling with 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS) of oligosaccharides released from LAAO by PNGase F was carried out with the N-linked oligosaccharide profiling kit from BioRad (catalog no. 170-6501). All operations were performed as described in the manual provided by the manufacturer.
Preparation and purification of oligosaccharides
The glycan moiety was released from native LAAO by treatment with PNGase F, using the experimental conditions recommended by the manufacturer (New England Biolabs). For the preparation of samples used in NMR investigations the surfactants recommended by the manufacturer were omitted from the incubation as these interfere with the NMR measurements and are difficult to separate from the sugar moiety. Purification was thus carried out as follows: 60±80 mg LAAO in 4.5 mL 0.1 m Tris/sodium phosphate buffer, pH 8 were incubated with PNGaseF (50 000 U) overnight at 37 8C. The colorless protein precipitate was removed by centrifugation (15 mins at 16 000 g), the supernatant was filtered through a Centriprep 30 membrane, and then the retardate washed three times with 0.5 mL distilled water. The combined filtrates were then lyophilized, and the residue was chromatographed over a Sep-Pak column (2 g, Waters). The column was washed with 5 mL distilled water and the oligosaccharide eluted with 5 mL methanol. The pooled methanol eluates were concentrated to dryness and redissolved in D 2 O for NMR measurements.
Mass spectrometry
Protein samples for ESI-MS were desalted before use with a Resource RPC column (3 mL bed volume, Pharmacia). The protein was eluted from this column with a linear gradient of 0.1% trifluoroacetic acid in water (v/v) to 0.1% trifluoroacetic acid in acetonitrile (v/v) at a flow rate of 3 mL´min
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. The fraction containing the protein was collected and then lyophilized (or dried in a speed-vac apparatus). The desalted LAAO was dissolved in 2 mL 70% (v/v) formic acid, which was then diluted 20-fold with 50% methanol. ESI-MS was then carried out with a Finnigan Mat (San Jose, CA, USA) LCQ ion trap mass spectrometer. Samples (2 mL) were introduced by flow injection with a mobile phase of 50% methanol, 1% formic acid in water (v/v). Capillary voltage was 2.2 kV and the flow rate was Scheme 1. Reaction catalyzed by LAAO. Note that subsequent to dehydrogenation, the formed imino acid is hydrolyzed to the final products (in brackets). Whether the latter step is catalyzed by the enzyme or occurs spontaneously has not yet been clarified. 0.5 mL´min 21 . Mass spectra of multiply charged species were acquired in the range 500±2000 a.m.u. and deconvoluted to yield the native polypeptide mass using software provided by the manufacturer. The error of the mass determination was estimated to be 0.02%, i.e. approximately 10 Da in the mass range of interest.
MALDI-TOF mass spectra were recorded with a Voyager Elite biospectrometry research station (PerSeptive Biosystems, Framingham, MA, USA). The oligosaccharide was released with PNGase F from LAAO and then directly analyzed by mass spectrometry without further purification. THAP was used as matrix and sample preparation was carried out as described in [17] . The spectrometer was operated in the negative ion, linear mode using an accelerating voltage of 25 000 V. Under these operating conditions, the error of mass determination is approximately 0.05%.
NMR-spectroscopy
NMR spectra were acquired with a Bruker DRX 600 spectrometer at 303 K and chemical shifts were calibrated to the sodium salt of trimethylsilylpropionic acid. Proton spin systems were assigned by TOCSY [18] and COSY [19] . 13 C chemical shifts were identified by HMQC [20] . ROESY was used to identify short interproton distances [21, 22] . The mixing time was 200 ms. All 2D experiments were recorded in the phase-sensitive mode by using timeproportional phase incrementation. Data matrices contained 2K points in f2 and 512 points in f1. For data processing the matrices were zero-filled to 1K data points in f1 and apodized with a squared sine bell function shifted by p/2 in both dimensions.
Modeling and energy minimization
The atom positions of the dodecasaccharide depicted in (Scheme 2) were obtained after energy minimization with the force field MM1 (hyperchem program package, Hypercube Inc., Waterloo, Ontario, Canada). Glycosidic torsions were oriented to the syn conformation, as determined for similar N-glycans [23] . Four dodecasaccharide moieties, two for each protein monomer, were linked to the Asn glycosylation sites identified in the 3D-structure [13] .
Isoelectric focusing
Isoelectric focusing was carried out on a Multiphor II electrophoresis unit using the Immobiline DryStrip kit (Amersham Pharmacia Biotech). The method was carried out as described by the manufacturer employing 18 cm pH 4±7 L IPG strips. Protein samples (60 mg) were included in the IPG strip rehydration solution (8 m urea, 2% Chaps, 2% pH 4±7 IPG buffer, 18 mm DTE, trace of Bromophenol blue). Focusing was achieved using a triphase programme of 500 V for 1 min, followed by a gradient of 500±3500 V for 1.5 h and finally maintaining the voltage at 3500 V for 17 h, respectively. Bands were visualized using Coomassie blue staining.
R E S U L T S
Mass determination and electrophoretic properties of L-amino-acid oxidase The molecular mass of native, purified LAAO from Calloselasma rhodostoma as determined by means of electrosprayionization mass spectrometry is 59968 Da (Fig. 1 ). This mass is < 3700 Da higher than the mass predicted from the primary amino-acid sequence (56234 Da). Untreated protein appears as a single band with an apparent molecular mass of 58 kDa in SDS gel electrophoresis ( Fig. 2A, lane  1) . The native protein also stains with Schiff's reagent demonstrating that it is glycosylated (Fig. 2B, lane 1) . Treatment of denatured LAAO with the PNGase F results in a Coomassie stained band of higher mobility (< 53 kDa) on SDS/PAGE as shown in (Fig. 2A, lane 3) . This treatment leads to complete deglycosylation as Schiff's reagent fails to stain the equivalent protein band (Fig. 2B, lane 3) . However, when LAAO is treated with PNGase F under nondenaturing conditions, three bands can be distinguished on SDS/PAGE using Coomassie stain ( Fig. 2A, lane 2) . The lower of the three bands has a mobility equal to that observed with the PNGase F treated denatured protein and is not stained with Schiff's reagent (Fig. 2B, lane 2) while the upper two of these bands are stained with Schiff's reagent (Fig. 2B, lane 2) , indicating glycosylation. The electrophoretic mobility of denatured/deglycosylated LAAO indicates a 4±5 kDa lower molecular mass, in agreement with the 3.7-kDa mass difference inferred from ESI-MS measurement of native LAAO (see Fig. 1 ) and the calculated mass of the protein. Digestion of C. rhodostoma LAAO Scheme 2. Chemical structure of the dodecasaccharide moiety as deduced by NMR-spectroscopy and mass analysis. The sugar composition is as follows: a, b, e, and i are N-acetylglucosamine residues; c, d, and h are mannose residues; f and j are galactose residues; g and k are N-acetylneuraminic acid residues and l is a fucose residue. R a,b-hydroxyl group in the released free oligosaccharide and b-Asn172 and b-Asn361 in the glycoprotein.
with Endo H f and O-glycosidase did not affect the mobility of the protein in SDS/PAGE indicating the absence of an N-linked, high mannose structure, and of an O-glycosidic sugar moiety, respectively (data not shown). This result is in agreement with complete removal of the glycan moieties with PNGaseF.
DeKok & Rawitsch have reported the presence of about 1 mol sialic acid per mol FAD for the glycosyl moiety of LAAO from C. adamanteus [12] a finding later confirmed by Coles et al. [24] . Treatment of the C. rhodostoma enzyme with the exoglycosidase sialidase which cleaves sialyl linkages on oligosaccharides results in a slightly higher electrophoretic mobility of the protein (Fig. 2C,  compare lanes 1 and 2) indicating the presence of negatively charged sialic acid. Further evidence for sialylation of the glycan moiety was obtained by fluorophore-assisted carbohydrate electrophoresis (Fig. 3) . The glycan moiety was cleaved off by PNGaseF with and without prior treatment by sialidase and analyzed by PAGE (Fig. 3, lanes  1 and 2, respectively) . The higher electrophoretic mobility of the carbohydrate(s) without sialidase treatment indicates the presence of sialic acid. In summary, these findings demonstrate that LAAO contains exclusively N-linked carbohydrates with the distal sugars carrying sialic acid(s). The sugar profile shown in Fig. 3 also demonstrates the prevalence of one glycan moiety of LAAO. This finding encouraged us to isolate the carbohydrate directly from LAAO for elucidation of its structure.
Isoelectric focusing
Native LAAO subjected to isoelectric focusing using a linear gradient from pH 4±7 shows multiple bands ($ 8) by Coomassie blue staining indicating a heterogeneous population of this protein (Fig. 4, lane 1) . This heterogeneity appears to be mainly manifested in the glycosylated protein form as complete removal of the sugar moiety, by treating the denatured protein with PNGaseF, results in the appearance of only three bands reflecting different isoforms of the protein moiety itself (Fig. 4, compare lanes 2 and 3) . Removal of the sugar also appears to result in the reduction of negative charges on the protein surface as is reflected by its closer mobility towards the cathode. However, treatment of the protein with sialidase results in an even more positively charged protein population as would be predicted by the removal of the negatively charged sialic acid residues (Fig. 4, lane 4) . As sialidase treatment of PNGaseF-treated protein (after denaturation) does not alter its mobility (data not shown), it can be concluded that cleavage of N-linked oligosaccharide by PNGaseF leads to (partial) conversion of asparagines to aspartic acid resulting in a diminished mobility in comparison to sialidase treatment alone.
NMR analysis
Cleavage of the oligosaccharide fraction used for NMR spectroscopy was achieved under nondenaturing conditions with PNGaseF as described in the methods section. During the incubation of LAAO partial denaturation occurred resulting in release of the FAD-cofactor. The resonance signals of FAD were assigned in the NMR spectra and the anomeric proton of the ribose moiety (d 5.85) served as an internal standard for the quantification of the C chemical shifts of the dodecasaccharide moiety depicted in Scheme 2. The resonance signal assignments are based on the two-dimensional correlation methods described in the experimental part. The numbering of the pyranose rings corresponds to the numbering in Scheme 2. ND not determined. Fig . 6 . MALDI-TOF mass spectrum of the oligosaccharide moiety. The oligosaccharide(s) were analysed after release from LAAO by PNGaseF as described in Experimental procedures.
intensities were observed for the trisaccharide unit NeuAca(2±3)Galb(1±3)Glcb(1-(where NeuAc d-Nacetylneuraminic acid and Gal d-galactose) which occurs twice in the oligosaccharide (e,f,g and i,j,k in Scheme 2). Transglycosidic NOE contacts between g,k-NeuAc-3Hax (d 1.79) and f,j-Gal-3H (d 4.09) in the expansion from the ROESY spectrum (Fig. 5, bottom) prove the sialylation sites f,j-Gal-O3. The Galb(1± 3)GlcNAc connectivity was identified from the transglycosidic ROE between f,j-Gal-1H and e,i-GlcNAc-3H and from the distinct chemical shift Table 1 .
Mass spectrometric analysis of the sugar moiety of L-amino-acid oxidase To confirm the structure of the major oligosaccharide and to determine the identity of minor oligosaccharide compounds, samples identical to those utilized for the NMR experiments were analyzed by mass spectrometry. At first, this was attempted by MALDI-TOF mass spectrometry in a DHB matrix. In this matrix a major mass peak at 2014 (MH1) was obtained. However, when the matrix solution was fortified with sodium salts the observed mass varied considerably in the range of 2014±2070 Da. Although DHB is a suitable matrix for neutral sugars it was found to give rise to loss of sialic acid and decarboxylation [17] . Therefore, we analyzed the isolated glycan moiety in a THAP matrix which was found to have excellent properties for the analysis of acidic oligosaccharides [17] . Using this matrix, the mass spectrum shown in Fig. 6 was obtained. The major peak at 2367.1 Da is consistent with the structure of the glycan moiety as determined by NMR spectroscopy (Scheme 2). The masses at 2388.7 Da and 2405.7 Da are for the oligosaccharides carrying one sodium and potassium, respectively, i.e. the MNa 2 and MK 2 ions. In addition to these dominant mass peaks, minor peaks at 3022.7 Da, 2076.0 Da, and 1912.9 Da are present in the MALDI-MS-TOF spectrum (Fig. 5) . The latter two peaks can be assigned to a biantennary oligosaccharide lacking one sialic acid and one sialic acid and one galactose, respectively, as indicated in Fig. 6 . The mass at 3022.7 Da can be assigned to a triantennary oligosaccharide with a third GlcNAc, galactose and sialic acid attached to mannose d or h (theoretical mass 3025.8 Da; see Scheme 2) . As analysis of acidic oligosaccharides under the experimental conditions used reflects their relative abundance [17] , it can be safely concluded that the core-fucosylated disialylated biantennary sugar is the major constituent of the glycan moiety (Scheme 2). This result is also in keeping with the prevalence of a major oligosaccharide and at least one minor sugar component as demonstrated by FACE (see Fig. 3 ).
D I S C U S S I O N
The data presented here establish unequivocally the structure of the carbohydrate moiety linked to Asn172 and Asn361 of LAAO from Calloselasma rhodosoma. The major component is a bis-sialylated, biantennary, corefucosylated dodecasaccharide (Scheme 2). Our results are consistent with the X-ray structural analysis of the protein which demonstrated the occurrence of sugar residues a, b and l at Asn172 and sugar residue a at Asn361 (see Fig. 7 ) [13] . The dodecasaccharide shown in Scheme 2 is identical with one of the main glycan moieties identified in ancrod, a serine protease found in C. rhodostoma venom [25] . A very surprising finding is the homogeneity of the glycosylation found in C. rhodostoma LAAO. Fluorophore-assisted carbohydrate electrophoresis, MALDI-TOF mass spectrometry and NMR-spectroscopy indicate that the major oligosaccharide contributes < 90% of the total glycan substituents. In view of the variability in the relative amount of oligosaccharides in many glycoproteins, the apparent homogeneity in LAAO is rather exceptional. A point in case is provided by the detailed analysis of the glycosylation of ancrod isolated from the same snake species [25] . In this protein biantennary, triantennary and tetraantennary oligosaccharides constitute 23, 40 and 12% of the total glycans, respectively. In addition, more than a dozen of other oligosaccharides occur, contributing around 1% each. In any case, the high homogeneity of the oligosaccharide found in C. rhodostoma LAAO may have aided the crystallization of this enzyme [13] . The homogeneity of LAAO glycosylation is perhaps even more surprising as the venom used for isolation of LAAO was collected from some three thousand snake individuals. Isoelectrofocussing of native and deglycosylated LAAO has clearly shown (Fig. 4) that the protein itself is not homogeneous. This finding is in keeping with a recent investigation of the electrophoretic mobility of the components of C. rhodostoma venom [26] , in which considerable intraspecific variation in many of these proteins, among them LAAO, was shown. Likewise it is conceivable that more than one gene encodes for LAAO as was suspected for Pseudechis australis (Australian king brown snake) where two distinct LAAOs were isolated and partially characterized [6] . An interesting possibility with regard to the homogeneity of the glycan moiety is that it is a functional requirement connected with the biological activities ascribed to LAAO, as outlined in the introduction. The last few years have witnessed the discovery of several families of sialic acid-binding lectins, the so-called siglecs (sialic acid-binding Ig superfamily lectins). The nine families of siglecs so far identified in humans are characterized by cell type-specific expression and appear to recognize specific sialic acid motifs [27, 28] . The apoptosisinducing effect of LAAO has been studied with human umbilical cord endothelial, leukemia HL-60 and human ovarian carcinoma (A2780) cells [9] . To our knowledge, no specific siglec has been identified for these cell types and hence it remains to be seen whether this highly interesting family of proteins provide a molecular basis for the understanding of the apoptotic activity of LAAO. As shown in (Fig. 7) , the enzyme carries two disialylated oligosaccarides at its surface, one of which (Asn172) is located in direct vicinity to the channel leading to the active site of the enzyme (Fig. 7) . Putative binding of LAAO to siglecs via its sialylated glycan moiety may then result in production of locally high concentrations of H 2 O 2 in or near the binding interface; this, in turn, could lead to oxidative damage of the siglec or another adjacent cell structural elements. This scenario is an attractive hypothesis to rationalize the biological effects observed with ophidian LAAO and would support the proposals by Suhr et al. [7, 8] . The antibacterial activity may proceed via an analogous mechanism. Efforts are under way to assess the role(s) of the glycan moiety of LAAO in more detail by heterologous expression of the ophidian enzyme in a suitable host as well as by enzymatic de-sialylation and deglycosylation of the native enzyme.
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